The heat capacity of deuterated cubic ammonium hexafhrorosilicate (ND,),SiF, was measured from 6 K to 343 K by adiabatic calorimetry. The curve of heat capacity against temperature is smooth and without anomalies. Values of the standard thermodynamic quantities are tabulated below 350 K. Analysis of our heat-capacity results yielded a librational wavenumber of the ND: ion of about 122 cm-' and a maximum in the rotational heat capacity lying between 220 K and 230 K.
Introduction
The hexahalometallates of the general type A,MX6, where A is an alkali metal, M a polyvalent or heavy transition metal, and X a halogen, normally crystallize in the antifluorite structure with space group Fm3m (No. 225 0:) at room temperature. Some, but not all, of the members of this family undergo structural phase transitions changing into a phase of lower symmetry with decreasing temperature."~2' In some cases, the transitions involve the small-angle rotations of the MX$-octahedra, but in others the transitions appear to lead to lattice distortion without coupling to the octahedral rotations."-3 ' When the ammonium ion, either NH: or ND:, is substituted in place of the alkali metal, additional librational degrees of freedom are introduced. In compounds of the type (NH,),MX,, the structural phase transition is either suppressed or the
Experimental
The sample of (ND,), SiF,was prepared from (NH,),SiF,. Some 25 g of (NH,),SiF,, 99.999 mass per cent pure, certified by Certificate of Analysis from the Aldrich Chemical Company, was dissolved completely in 92 cm3 of D,O, which was of 99.9 moles per cent minimum isotopic purity. The salt dissolved completely at 332 K. A partially deuterated product was obtained by recrystallization at 293 K. This procedure, executed in a dry atmosphere, was repeated four times, and 25.7 g of (ND4)2SiF6 was obtained. To remove most of the D,O trapped in the lattice upon recrystallization, the crystals were placed under an infrared lamp within the dry box and warmed gently for 16 d with the temperature increased gradually to 370 K. A thermogravimetric analysis (t.g.a.) using a Mettler TA 3000 was done on 10 mg samples removed at intervals. The Guinier-de Wolff diffraction pattern of our sample was in perfect agreement with the standard pattern for this compound, No. 7-13 as determined by the Joint Committee for Powder Diffraction Standards. The structure is face-centred cubic at room temperature with a = (0.83818 ~0.00004) nm.
To ascertain if any D,O was trapped within our "dried" sample of (ND,),SiF,, the final t.g.a. was made using 10 mg of the sample which was loaded into the calorimeter. On heating the 10 mg to 413 K, a mass loss of 0.2 per cent was apparent and might be associated with adsorbed or trapped water. When the temperature was raised to 453 K, decomposition began slowly and became rapid above 533 K. A platinum resistance thermometer was used in the t.g.a. instrument to measure temperature. It was calibrated using the ice point and the fixed points of the Curie transition in alumel at 422.5 K, nickel at 631.2 K, and "trafoperm" (97 mass per cent of Fe, 3 mass per cent of Si) at 1018.8 K. The estimated precision was +2 K and + 1 x 1o-6 g. The molar heat capacity C,,, was measured from 5.4 K to 346 K by adiabatic calorimetry in the Mark XIII adiabatic cryostat, which is an upgraded version of the Mark II cryostat described previously. (l') The acquisition of heat capacities was assisted (1s*19t by a computer programmed for a series of determinations. During the drift periods, both the calorimeter temperature and its first and second time derivatives were recorded to establish the equilibrium temperatures of the calorimeter between the energy inputs. During energy inputs the heater current and potential and the duration of the heating interval were obtained. Also recorded were the apparent heat capacity of the system including the calorimeter, heater, thermometer, and sample.
A gold-plated copper calorimeter (laboratory designation W-139) with four internal vertical vanes and a central entrant well for (heater -+ thermometer) was loaded with (ND4)$iF6 within a dry box. After loading, the calorimeter was evacuated and pumping was continued for several hours to ensure that moisture was no longer released from the sample. After addition of about 3.2 kPa (at 300 K) of helium gas to the vessel so as to facilitate thermal equilibration, it was then sealed by means of an annealed gold gasket tightly pressed on to the stainless-steel knife edge of the calorimeter top using a screw closure about 5 mm in diameter.
Buoyancy corrections were calculated on the basis of a crystallographic density of 2.100 g. cm-3 derived from the X-ray diffraction of our sample. The mass of the (ND,)$iF, was 20.36033 g, i.e. 0.1093529 mol based on its molar mass of 186.1892 g * mall ' from IUPAC 1983 relative atomic masses.
The thermal history of the (ND,),SiF, is shown by the linear array. The solid arrows indicate cooling or heating, which correspond to acquisition of heat capacity results.
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Results and discussion
The experimental molar heat capacities for (ND,),SiF, are presented in table 1. The probable errors in our heat-capacity results decrease from about I per cent at 10 K to less than 0.15 per cent at temperatures above 30 IL The heat capacity of our sample represented about 70 to 87 per cent of the measured total heat capacity. A plot of C,,,/R against T from 6 K to 343 K is presented in figure 1 . The curve is smooth and without anomalies. No rise in the heat capacity is evident around 270 K to 275 K where fusion of any DzO trapped in the lattice is expected to occur. However, 0.2 mass per cent of trapped DzO would have been expected to give about a 9 per cent increment in the heat capacity over the 5 K interval of a single run. This was not detected. It is, therefore, presumed that the volatile contaminant was adsorbed water removed in the evacuation of the sample at room temperature prior to measurement.
Integration of the smoothed values for heat capacity yielded the thermodynamic functions. Values of C,,,/R and the derived functions are shown at selected temperatures in table 2. The heat capacities of ~D~)~SiF~ below 7 K were obtained by fitting our experimental results below 20 K to the limiting form of the Debye equation, using a plot of C,,,/T3 against T2 and extrapolating to T-+0.
Analysis of the observed heat capacities of ammonium compounds is normally done by subtracting the heat capacities arising from the lattice and internal vibrational motion to yield the heat capacity due to the hindered motion of the I I I I I I I f FIGURE 1. Experimental molar beat capacities at constant pressure C,,/R piatted against temperature for cubic fND,),SiF, tn. this work) and cubic $'MH,f,SiF, (---_ Stephenson PI ~t.f."~' ammonium ion. Various methods are available to da this, but their use depends upon the availability of spectroscapic information, thermal expansion, and compressibility over a range of temperature for the ammonium salt concerned. The lattice beat capacity of the ammonium solid has been estimated from the potassium or rubidium analogues, (4f but the method is appiicable only when the thermal expansion of the ammonium crystal is isotropic. (**) The lattice heat capacity has also been calculated using corresponding states to adjust the lattice heat capacity of the potassium compound in order to represent that of the ammonium ian,(21' while in other methods, either a sum of the Debye/Einstein functions is usedQ3*22' or lattice frequencies from infra-red and Raman spectra are employed.(zo*23'
The heat-capacity results of undeuterated (NH,),SiF6 and (NH&M& have been analyzed previously by a procedure described by Stephenson et o./.'*.~~.~~) in which the heat capacity of these solids was represented by a sum of both Debye and Einstein functions. This procedure has also been used to determine librationai frequencies of a number of tetrahedral ions in solids:'22' z.~iz. AlHi, BH,, GaH,, NH:, The limited experimental information available for (ND,),SiF, describing its spectroscopic properties, thermal expansion, and compressibility have forced us to adopt the same procedure to analyze the heat capacity of our deuterated salt.
The heat capacity of (ND&SiF, can be represented by where D represents the Debye function, E the Einstein function, 6,, represents the characteristic temperatures, Cint the heat capacity due to the internal vibrations, C,, the heat capacity due to the hindered rotation of NDf , and a is an empirical parameter which is a measure of (C, m -C,, ,). To correct our experimental values of C,, to CY_,,, equation (2) was used in which the value of a was derived from the value of (C,,-C,.,) = 2.8 f R at 273 K, which was determined from the values of thermal expansion and compressibility for the undeuterated salt.(25' This value of 2.8. R is much higher than values for similar compounds. '25*26) The resulting value of a is 0.0028 mol"2. 3 li2. To calculate the Cint.mr the following internal vibrational wavenum~rs(27 30t ? were used: ir, = 646 cm-', t2 = 466 cm-', c3 = 721 cm-', 3,=476cm-', ;,=403cm-*. The 3,, which is inactive in the infrared, was determined from the relation:'31' i;, = G5/LZ1j2 = 285 cm -'. The internal vibrations of ND:
were taken ast3') i;, = 3233 cm-l, c2 = 1701 cm-', F3 = 3314 cm I, 3, = 1427 cm--i.
At low temperatures, the molar heat capacity C,,,,, due to the hindered rotation of the ND: ion is set equal to an Einstein function with three degrees of freedom. However, in fND,),SiF,, the heat capacity from the hindered rotation of the ND: ion is lower than that determined from the Einstein function. In an harmonic oscillator, the third librational level has twice the energy of the second librational level, but in both the hexafluorides and hexachlorides, due to the nature of the rotational potential function, the third level has more than twice the energy of the second level. In ammonium solids with strong hydrogen bonding, all the terms in the potential function are negative, which leads to the third librational level having an energy less than twice that of the second librational level. In the hexafluorides and hexachlorides, the J = 6 term in the potential function is positive, which influences the rotational properties of the ammonium ion. f22) For our (ND,),SiF, salt, the heat capacity from the ND: ion was calculated from the energy levels derived from the potential function based on atom-atom potentials'22' using the crystal structure at room temperature. Using these results to determine the deviation from the harmonic-oscillator heat-capacity values for ND:, the parameters in equation (1) were computed. The librational wavenumber of the ND: ion in (ND,)SiF, was determined by analyzing the observed heat-capacity values using equation (1) and found to lie between 120 cm-' and 130 cm -'. Using a value of 122 cm-', the values of the parameters in equation (1) are 8i = 88 K, t12 = 115 K, and e3 = 310 K. The temperature dependence of C,,, determined from the observed heat capacity is illustrated in figure 2 together with the heat capacity computed from the energy levels derived from the rotational potential function.'22' The maximum in C,,,, m may vary between 220 K and 280 K depending on the values of (C,, -C',,,) as a function of temperature. By taking Q = 0.0028 mo11'2. J-II2 as described above, the maximum in C,,, occurs between 220 K and 230 K.
An analysis of the heat-capacity results of (NI-&SiF, was attempted next by a comparison with our deuterated salt. However, this was complicated by the fact that the C,, measurements of the undeuterated salt are available only down to 25 K." 3' While the heat capacity of (NH4)2SiF6 could also be represented by equation flh only a lower limit of 168 cm-' for the librational wavenumber could be determined from an analysis of the available heat capacities. The determination of the values of the parameters in equation (1) depends upon the value of the librational wavenumber of the NH: ion, which was chosen as 174 cm-' because it is the value computed from the rotational potential function in reference 22. This value is close to the observed value of 168 cm-'. (33) The parameters in equation (1) were then determined and the rotational heat capacity was calculated. The values are illustrated in figure 2 .
The practice (34) of subtracting the heat capacity of the undeuterated salt from that of the deuterated salt to help determine the librational wavenumber of the and NH,* derived from the observed molar heat capacities plotted against temperature for cubic (ND&SiFe and cubic @IIUS~FG I -).
q , A, The heat capacities C,,/R computed from the hindered rotational levels determined from the rotational potential function gwen by Smith."') ammonium ion could not be used, because for the (NH&SiF6 and (ND,),SiF, salts their lattice beat capacities determined from the observed heat capacities differ si~i~~~tly from one another. The heat capacity due to the hindered rotation of the ammonium ion computed from the rotational energy levels derived from the rotational potential function has a maximum at a higher temperature than that derived from the observed heat capacity. The discrepancy has been found in a number of other solids.'Z2*34*3") As a result of this discrepancy, the computed heat capacities match weI with those derived from the observed heat capacities only on the low-temperature side of the maximum in the rotational heat capacities.
